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Abstract
The U.S. Geological Survey, in cooperation with the Federal Emergency Management Agency, determined annual exceedance probabilities for peak discharges occurring during the 2011 water year (October 1 to September 30) at streamgages in Vermont and selected streamgages in New Hampshire, western Massachusetts, and northeastern New York. This report presents the 2011 water year peak discharges at 145 streamgages in the study area and provides the results of the analyses of the 50-, 20-, 10-, 4-, 2-, 1-, and 0.2-percent annual exceedance probability discharges at 135 of the 145 streamgages. The annual exceedance probabilities for the 2011 water year peak discharges also are presented.
Snowmelt and near record rainfall led to flooding across northern Vermont on April 27 and 28, 2011. At three streamgages with more than 10 years of record, the April rain event resulted in the peak discharge of record. At seven streamgages, the peak discharge resulting from this event had an annual exceedance probability less than or equal to 1 percent. In early May 2011, new peak stage records were set at two Lake Champlain gages with more than 100 years of record. At the Lake Champlain at Burlington, Vermont, gage, the water surface reached 102.79 feet (ft) (North American Vertical Datum of 1988 (NAVD 88)) on May 6, 2011, and at the Richelieu River (Lake Champlain) at Rouses Point, New York, gage, the water surface reached 102.75 ft NAVD 88.
Record-breaking rainfall in late May produced additional flooding across northern Vermont on May 26 and 27, 2011. Four streamgages in northwestern Vermont recorded peak-of-record discharges as a result of this flooding. At three streamgages, the peak discharges from this event had an annual exceedance probability less than or equal to 1 percent.
From August 28 to 29, 2011, Tropical Storm Irene delivered rainfall totals ranging from about 3 to more than
Introduction
Record-breaking rainfall during the spring of 2011 resulted in riverine flooding across northern Vermont and historic flooding of Lake Champlain, causing substantial damage to public and personal property. In late August 2011, more record-breaking rainfall from Tropical Storm Irene resulted in extensive destruction across much of Vermont, western Massachusetts, northern New Hampshire, and parts of eastern New York. Of the 120 streamgages and lake gages in the study area (appendix 1) with more than 10 years of record as of 2011, 47 had a new period-of-record peak discharge during water year 1 2011. Peaks of record were recorded at 3 streamgages in April, 3 lake gages and 4 streamgages in May, and 37 streamgages during the August flooding.
Presidential In response to these declarations, the U.S. Geological Survey (USGS), in cooperation with the Federal Emergency Management Agency (FEMA), conducted a study to document the 2011 water year peak discharge or lake stage at 145 gages and determine the annual exceedance probability of those peaks.
Purpose and Scope
This report presents peak discharges and stages occurring during the 2011 water year at streamgages and lake gages in Vermont (94 gages), western Massachusetts (20 gages), northern New Hampshire (19 gages), and parts of eastern New York (12 gages). The annual exceedance probabilities of the peak discharges or stages are also presented.
Study Area
All USGS streamgages in Vermont with recorded data are included in this report. Streamgages in Massachusetts, New Hampshire, and New York that are within or adjacent to areas where disasters were declared as a result of significant flooding also are included. These areas encompass much of western Massachusetts, western and northern New Hampshire, and eastern New York immediately adjacent to Vermont and Massachusetts.
The study area is largely forested with rolling hills and the more mountainous terrain of the Appalachian Mountains running through much of the center of the area. Land-surface elevations range from approximately 40 feet (ft) along the Connecticut River at the southernmost end of the study area and 100 ft along the shoreline of Lake Champlain to numerous peaks higher than 3,000 ft. The climate of the region is humid, and precipitation is distributed fairly evenly across the region with averages ranging from about 40 to 50 inches (in.) per year, except in regions of high elevation which can receive an additional 10 to 20 in. of precipitation annually. The annual mean temperature is 46 degrees Fahrenheit (°F) at Burlington, Vt., 44.6 °F in Rutland, Vt., and 45.3 °F in Pittsfield, Mass. The number of days per year the minimum temperature is less than or equal to 32 °F is, on average, 144 in Burlington, Vt., 169 in Rutland, Vt., and 157 in Pittsfield, Mass. (National Weather Service, 2012 and .
Characteristics of the Storms
During April 2011, frequent rain events resulted in the monthly total rainfall of 3 to 5 in. above average. The largest rainfall totals that month occurred on April 26 and 27. This Tropical Storm Irene resulted in widespread, intense rainfall on August 28 and 29. Across Vermont, observed rainfall ranged from 3.2 to 8.15 in., setting daily rainfall records at several rain gages (Vermont State Climate Office, 2011c). Rainfall totals across most of New Hampshire ranged from a little less than 3 in. to almost 6 in. (National Weather Service, 2011). The Northeast Regional Climate Center (2011a) reported a rainfall total of more than 10 in. in the White Mountains of New Hampshire. In western Massachusetts, observed rainfall from Tropical Storm Irene ranged from 3 in. to a maximum of 9.92 in. (National Weather Service, 2011) .
In 2011, Vermont, New Hampshire, and eastern New York experienced the wettest August since record keeping began in 1895. Massachusetts experienced its second wettest August (Northeast Regional Climate Center, 2011a, b).
Peak Discharge and Lake Elevation Data for Water Year 2011
Water year 2011 peak discharge and lake elevation data for the 145 gages included in this study ( fig. 1 ) are compiled in appendix 2. Data for USGS gages in operation during the 2011 water year are also published in the USGS waterresources data report for the 2011 water year (U.S. Geological Survey, 2012a). Peak discharge data for streamgage 01145000 Mascoma River at West Canaan, N.H., were provided by the New Hampshire Department of Environmental Services.
At USGS streamgages not in operation during the 2011 water year, peak discharges were determined by indirect methods (these sites are identified in appendix 2 with footnote "a") or by extending the most recent stage-discharge relation to the observed stage (these sites are identified in appendix 2 with footnote "c"). In determining a peak discharge by indirect methods, high-water marks upstream and downstream from a bridge or culvert are surveyed and used to adjust a hydraulic model of the bridge or culvert. The models, with results conforming to the observed high-water marks, provide the estimated discharge (Bodhaine, 1968; Matthai, 1967; and Hulsing, 1967) . 
Frequency Analyses
Of the 145 streamgages with peak discharges reported for the 2011 water year in this investigation, 25 streamgages did not have the minimum requirement of 10 years of peak discharge data for a frequency analysis. The annual exceedance probabilities (AEP) for 15 of these 25 streamgages were estimated by using regression equations (Olson, 2002) . The remaining 10 of the 25 streamgages had basin characteristics or substantial streamflow regulation that made the regression equations inapplicable. No frequency characteristics are reported for these 10 streamgages.
For 120 of the 145 streamgages having at least 10 years of peak discharge data, the Expected Moments Algorithm (EMA) others, 1997 and 2001) was used for the frequency analysis. The EMA methodology generally follows guidelines provided in Bulletin 17B of the U.S. Interagency Advisory Committee on Water Data (1982) and guidelines from the U.S. Geological Survey (2012b). EMA uses the logPearson Type III distribution for estimating flow frequency; however, it provides updated procedures for incorporating historical peaks and censored peaks, and detecting and treating outliers. Software developed by the USGS to analyze peak-discharge data (PeakFQ version 7.0) was used for these computations (U.S. Geological Survey, 2013a). The peakflow data used as input to the PeakFQ program were retrieved from the National Water Information System (U.S. Geological Survey, 2013b). Peak discharges for 2011 were included in the frequency analysis.
If peak discharges at a streamgage were affected by substantial regulation, defined by Benson and Dalrymple (1967) as regulation having usable storage greater than 4.5 million cubic feet per square mile of drainage area, the station skew was used for the discharge frequency analysis. Frequency analysis was done only on the period of record associated with the current regulation conditions upstream from each gage.
At streamgage sites without regulation affecting the peak discharge, the station skew was weighted with a generalized skew according to methods described in Bulletin 17B. Generalized skew was derived from Olson's (2002) skew map covering streamgages in Vermont and adjacent states that were used in developing the map. The generalized skew map in Bulletin 17B was used for weighting station skew for unregulated streamgages in Massachusetts outside of the areas used to develop the Vermont generalized skew map. A generalized skew map developed for New Hampshire (Olson, 2009 ) was used for weighting station skew for unregulated streamgages in New Hampshire outside of the areas used to develop the Vermont generalized skew map.
For streamgages with unregulated peak discharges, the EMA discharge frequencies were weighted by use of the Weighted Independent Estimates (WIE) (Cohn and others, 2012) method. WIE uses the variance of the frequency estimate from the EMA analysis and the variance of an available regional-regression equation estimate to weight the EMA result. The regional-regression equations in Olson (2002) were used for streamgages in Vermont and adjacent states that were used in the report. The regression equations for New Hampshire (Olson, 2009) were used for streamgages in New Hampshire that were outside of the area used for developing the Vermont regression equations. Unregulated streamgages in Massachusetts that were outside of the area used in developing the Vermont regression equation do not have an associated regional-regression equation and therefore were not weighted. Both the EMA and the weighted EMA results are listed in appendix 3.
The annual exceedance probability of the 2011 peak discharge is shown for each streamgage in appendix 2. During the 2011 water year, 50 streamgages or lake gages recorded a peak with an annual exceedance probability less than or equal to 1 percent (100-year recurrence interval); 18 of these had an annual exceedance probability less than or equal to 0.2 percent (500-year recurrence interval) ( fig. 2 ). Of these 50 gages, one (Moose River at Victory, Vt.) had a peak discharge during a hydrologic event not discussed in this report.
Lake Champlain Peak Elevations and Frequency Analyses
Lake elevations of Lake Champlain from May 6-9, 2011, were the highest ever recorded-102.79 ft of the North American Vertical Datum of 1988 (NAVD 88) at the Burlington, Vt., gage; 102.75 ft NAVD 88 at the Rouses Point, N.Y., gage; and 103.06 ft NAVD 88 at the Whitehall, N.Y., gage. Both the Burlington, Vt., and the Rouses Point, N.Y., gages have over 100 years of record; records for the Rouses point gage extend back to 1869-the year of the second highest recorded lake elevation of 102.10 ft NAVD 88.
The historical range of the logarithms of Lake Champlain elevation data is too small to provide meaningful frequency results. For instance, at the Burlington gage the highest annual peak elevation is 102.79 ft, and the lowest annual peak elevation is 95.20 ft NAVD 88. The range for these values and their logarithms is too small to generate reliable frequencies. Therefore, a relation was developed between lake watersurface elevation and the volume of water in the lake with the intent of deriving frequency statistics from annual maximum lake volume and converting the results back to elevation. The relation was derived from a 10-meter digital elevation model (Gesch and others, 2009 ) of land terrain around Lake Champlain merged with the 10-meter bathymetry dataset (Manley and others, 2005) . A geographic information system (GIS) was used to compute the lake volume for water-surface elevations between 95.00 and 103.75 ft above the NAVD 88.
Three gages have annual peak elevation data for the lake: 04279085 Lake Champlain North of Whitehall, N.Y. (fig. 1C) ; 04294500 Lake Champlain at Burlington, Vt. (fig. 1A) ; and 04295000 Richelieu River (Lake Champlain) at Rouses Point, N.Y. (fig. 1A) . A fourth gage, Lake Champlain at Philipsburg, Quebec, operated by Environment Canada from 1950 to 2011 was not used because of difficulties rectifying differences between the USGS and Environment Canada datums. Prior to 1940, annual peak lake elevation at the Burlington, Vt., and Rouses Point, N.Y., gages were based on once daily or once every third day observations. Because the annual peak could be missed by this frequency of observation, particularly if seiche is a contributing factor, the systematic record for EMA analysis at these sites was limited to the period 1940 to 2011. A peak elevation from 1869 at the Rouses Point gage was used in the analysis as a historic peak at each of the gages. The published peak elevation data from the lake gages were converted from National Geodetic Vertical Datum of 1929 to NAVD 88 by using the National Geodetic Survey online VERTCON tool (http://www.ngs.noaa.gov/cgi-bin/ VERTCON/vert_con.prl). The converted peak elevation at each station was then used with the elevation-volume relation to determine the annual peak volume for each gage. A frequency analysis using EMA was then completed on the annual lake volumes. An additional frequency analysis was done on the three-gage average annual peak volumes for comparison. The results of the frequency analysis were converted from volume back to elevation in NAVD 88 and are listed in table 1.
The annual exceedance probability of the 2011 water year peak lake elevation was less than or equal to 0.2 percent at all three lake gages. However, sieche and the effects of wind on the peak water-surface elevation could vary substantially along shoreline areas away from the gages. Also, the period of record of the Lake Champlain North of Whitehall, N.Y., gage is 1999 to 2011, which is substantially less than the records for the other Lake Champlain gages. The frequencies developed in this investigation are pertinent to the gage locations and are intended to describe the frequency of the flooding in 2011. 
Summary
Vermont, New Hampshire, western Massachusetts, and northeastern New York experienced several record breaking hydrologic events during the 2011 water year. Snowmelt and near record rainfall led to flooding across northern Vermont on April 27 and 28, 2011. In early May 2011, new peak stage records were set at three Lake Champlain gages. Recordbreaking rainfall in late May resulted in additional flooding across northern Vermont on May 26 and 27, 2011. In addition, from August 28 to 29, 2011, Tropical Storm Irene delivered rainfall totals of about 3 to 10 inches, which resulted in extensive flooding across the entire study area.
Of the 145 streamgages and lake gages examined, 47 with more than 10 years of record had a new peak of record during the events of 2011. Of these 47 peaks of record, 3 occurred as a result of the April 27-28, 2011, event; 3 occurred as a result of the flooding of Lake Champlain in early May; 4 occurred as a result of the May 26-27, 2011, event; and 37 occurred as a result of Tropical Storm Irene, August 28 and 29, 2011.
During the 2011 water year, peak discharges at 32 streamgages had an annual exceedance probability less than or equal to 1 percent but greater than 0.2 percent (equal to or greater than a 100-year recurrence interval but less than a 500-year recurrence interval). Of these 32 peak discharges, 5 were due to the April event, 2 were due to the late May event, and 25 were due to Tropical Storm Irene. Peak discharges at 15 streamgages had an annual exceedance probability less than or equal to 0.2 percent (equal to or greater than a 500-year recurrence interval). Of these 15 peak discharges, 3 were due to the April event, 1 was due to the late May event, and 11 were due to Tropical Storm Irene in August.
Lake elevations of Lake Champlain from May 6-9, 2011, were the highest ever recorded-102.79 ft NAVD 88 at the Burlington, Vt., gage; 102.75 ft NAVD 88 at the Rouses Point, N.Y., gage; and 103.06 ft NAVD 88 at the Whitehall, N.Y., gage. The Burlington, Vt., and the Rouses Point, N.Y., gages have over 100 years of record, with the Rouses Point gage record extending back to 1869-the year of the second highest recorded lake elevation of 102.10 ft NAVD 88. The annual exceedance probability of the lake elevation was less than or equal to 0.2 percent (equal or greater than a 500-year recurrence interval) at each of three lake gages.
